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ABRSTRACT
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Over a series of years, the communication machinery was analyzed which
serves to bring together intimately associated species in the sea (symbicses).
The machinery moy involve many types of stimuli, with visual and chemical per-
haps the most important. The function of these signals has, to as great an ex-~
tent as possible, been considered against the background of the ecology of the
specific organiesms themselves and the physical nature of the enviromment in
vhich they may be found. During the most recent yeers, emphasis has been placed
on the function and efficacy of chemical signals in the marine environment.
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Claang-tza and JHui-tzu had strolled onto the bridge over the Hao, when
the former obscrved, “See how the minnows are darting aboat! That is the
pleasure of fishes.”

“You not being a fish yoursclf,” said Hui-tzu, “how can you possibly know
in what consists the pleasure of fishcs?”

“And you not being L" retortedd Chuang-tzu, “how can you know that 1
do not know?” .
Chou of the Autumn Floods—
3rd Century B.C.

. ). Introduction

~,
A

Symbioses provide a world of interest for the student of animal be.
havior. An approach to them [rom the behavioral point of view reduces

itself to an investigation of information axchange between two or morg,
381
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biological systems of dittering complexity, “The complexite ol e ox-
changing systems in tin determines the complexity of i symbiosis, both
as o bioogical and sociological entity. It follows that the mere complex
the organization of the exchanging systemns (or the “higher” their taxe
onomic position) e more dilhende 1 s for us 1o dnvestigate all the
morphological, physinlogical, er behavional michinery that controls an
assaciition.

In this concluding cha e we shall consider those specifie hehavioral
acts or yesponses which serve the undion ol ringing symbiotic partnens
together or of maintining them in associidion. Primary emphasis will
Le given o overt, quantititively meastable acdvity, vsaally invelving
motion, and to the physiological mechanisms contolling svdir activity,
No attempt will be made to Lo descriptively all-inclusive in our considera-
tion of this machinery. A number ol case histories familiar to the writer
will be presented in an effort to indicate how the student of animal be-
havior may approach the investigation of symbioses and the experimental
technigques he may uvsc.

In the preceding muerial there is consiacrable information concern-
ing the morphological, phwsiological, and biochemical changes thad have
occurred in the course of evolution of symbioses. However, in the great
majority of such partnciships, theie is less information concerning the
natural cconomics of the partnership or its members. This information,
which determines whether a particular symbiotic association will be called
a commensal, mutualistic, or parasitic one, s S0 sparsc in most cases that
for the basic purpose of this chapter it will be to a great extent dis-
regarded. In the examination of the behavioral machinery that eflects
and maintainy an association, the economic velatonship of the partners
concerned is a secondary consideration, even though any benefit accruing
o a partner must be what gives it a sclective advantage over its free-living
relatives and thus is piobably the eiective agent in the establishment of
the specialized behavioral machinery.

In a stimulating series of recent veviews Seheok (1968} reemphasizes
the contention of the great language psychologist Bihler that “a system-
atic exchange of matter is inconceivable without an accompanying ex-

clange of signs.” In this chapter, cmphasis will be placed on the exchange

not of matter but o signals. We shall approach a symbiosis as a social en-
tity made up of inlormation-exchanging associates; the terms commcnsal,
parasitic, mutualistic will be employed rarely and then only when we
have objective cvidence to support their use. In any such entity, particu-
larly one in which the members are animals but also any in which the
motile invasive stage of a plant or protistan is involved, specialized seek-
ing behavior may be exhibited. 1f such behavior is exhibited by only one
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pariner, then from the hehavioral point of view it is the active “sceker”
while its associane (even though ic may benefic by (he association) is the
passive memder. Hsach belavior cim e demonstrated in both partners,
this iy prine Grcie evidenoe of mutualism,

We rettn then, as always, 10 o probleny in evolition, Thaving tinle
qaantifiable data on the coonommic or selective advantage acorucd by any
one speaies in a patnenship, p;nli«ul;n'iy i loose aninsal .\ymhim('s. we
can only theorize about it Yer it s guite clear that in any symbiotic
species specihie helavior has evolved dat s different rom that of their
freeiving aclatives, These bebavional adiosyneracies can be precisely
identificd and the vindation in stimulatory  parameters eliciting them
vigorowsly investigated.

As anexample of the ways in which it may be possible to think about
the course of evolution and the accompanying development of specialized
behavior in symbioses, we may do well 1o consider initially that symbiosis
Lest known to all, the partnership Man-Dog. If in the course of this
consideration we are accused of anthropomorphism we have bi:t to quote
Chuang-tzu or the somewhat more recent caveat of Dethier (1964): “Yet
without a disciplined anthropomorphism inquiry into behea vior is hob-
bled.” In the Dog-Man association we are dealing with a system of ex-
treme complexity in which both partaers, being highly organized Mam-

malia, possess machinery of informadon exchange and storage far more

clficient than do the members of the majority of partnerships we shall
comsider, This partnership arose during the Pleistovene or earlier, evolv-
ing from a situation in which Doy, a free-living species, moved into the
orbit of the prehuman Limily and gained a selective advantage from the
incremed food supply, by scrounging tidbits from its more intelligent,
predatory, and efficient host. The prehistory of this association can only
be conjectured, but it is clear that by the uluimate acceptance of Dog as
a working partner, Man changed the entive course of evolution of Dog.
Dog is, as a result of genetic experiments carried out by his par ner, en-
abled 10 undertake countless new activities which never appeaied in

nature prior to his domestication {rom the [ree-living condition. These
are without doubt the result of the selection and recomu‘nation of genetic

traits which were present in Dog's free-living ancestors. In eMect, Dog has,
as a result of specialized activity by his symbiotic associate, undergone all
the first steps of behavioral speciation which appear to be maintained in
purity as long as genctic isolation is maintained. A mastiff, boxer, or
Doberman may be a better ranch guard than a Chihuahua. An Afghan is
a more elfective courser of game than a Pekinese. If isolation breaks
down, then the genetically determined specialized behavioral character-

istics established by Man #may quickly disappear, much to the disgust ‘e
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of the biceder. We have in fact almost no quasttitative inlortion con-
cerning the relative importaice in doyg bieeding of selection for externad
morphological diiterences. 1or new pathways in the cential nervous sys-
tem. or for new abilities in inlonmation-processing and storige. Yer fo€
would deubt that Nstraltion sheep dogs can be cisily tained to do things
which other strains, superficially similioe in stace, take jonger on fail
altozether to learns Similarly, we nay have selected aostrain in dhe blood-

1 hound with o higidy cflicient stimuluseresponse chain Jor the processing
H of chienmvical indformation. "There is every evidence that we have developed
! genetically determined behavioral polymorphism in the single symbiotic

speaies, Dog.

Wit about the symbiotic tutme of the other paaner, Man? In the
cotse of ages of bhreeding experiments, Man, as ithe active agent in the
evolution of Dag, has developed strains which have in torn conferred
upon him selective advintages of importmce in his own sociologicl
' évolution, Some dog strains hunt for Man, some herd for Man, some
protect Man. Most strains clearly give Man an indefinable satishiction;
indeed Dog may tike the place of Mun's own oflspring in 2 personalized,
) emotional, and highly mutualistic relutionship. There seems little doubt
B that the association of Man with Dog has not only affected Man's phyai-
cal evolution by increasing his chances of survival while he was in a
primitive sociological state but has also in many undetcrmined wavs
alfected his behuvioral evolution. Any pacticular variaidion in either
physical or sociological selective pressure on either partner of an assacia-
ton resulting from a change in the relationship of the pariers must
necessarily affect the cotnrse of evolution of the other, as weli as of the

1 symbiosis as a discrete biological entity. The symbiosis Man-Dog is not
the sume in the United Kingdom as it is in the United States. In Great
'J Britain dogs wre second-class citizens; the writer once observed a man
| in 2 restaurant feed a large steak 1o o hoxer without cliciting so miuch
1 as o raised eyebrow from cither customers or management. In much ols
4 the United Staies dogs are now even kept ofl the heaches and out of parks,

while in much of England they are welcome there. The association be-
wween Man and Dog, puticularly during the developmental period of
Man, has been shown by ages of empirical obsecvation o be psychologi-
cally sotind. What the long-term eflects on Man or Dog may be of the
increasing tendency to prevent smail boys from taking their age-okl com-
panion to recreational areas cannot be determined. One must at least
foresce a time when as a result of human crowding large dogs will cease
to be a part of the social environment of man,

] To conclude our digl;eas_ion. it may be observed that it is possible to."




T T T TR T

T

T RN RAe————————

%
E
!

.

| e st 150 414 P ity M it Bl sl et < i

et b+ - v b an b

PR

e, i,

= ja

* \

VTR ,‘f.-.;."'ﬁ.'.‘\'."‘.m. 7 oy 4
B iy

R, ANALYMS OF BEHAVIOR IN SYMBOSES 3KH

we symbioses iy very eflective way in the prosecution of certain basic
rescirches whidh have no divect bearing on the symbioses prer se. I'his
has cevtainly proven wrue of the symbiosis Man-Dog, for countless highly
significant scientihic advimces hitve been made by Man using his pariner
Doy as an experinmental subjece-in biological or medical rescarch. Clenly,
here, the association iy parasitic.

Admittedly much ol the above is conjectural. It is submitted merely
us v design Jov the approach we shall now take in considering the ex-
perimental inalysis of behavior in symbioses which are fitr more amenable
to investigation than the complex, continuously varying. and somewhag

i predictable asociations between Man and his domesticated . riners.

Il. An Experimental Case History

Although prior to 1930 a number of preliminary investigations were
condicted on the chewical responses of the invasive stages ol parasitic
faoworms (Faust and Melency, 1924; Barlow, 1925), it was not until 14950
that imporiant experiments were performed  which demonstrated the
manney i whidh the behavior of an associated invertebrate may bk pre-
ciscly cortrolled by the rveceipt of specific signals from its host. John H.
Welsh (1930) of Harvard University, demonstrated that the mite Unioni-
colu ypsilophorus var. haldemani (Piers), which lives on the gills of the
fiesh-water clam dnodonta cataracta Say, moves away irom a light sounce
when it is under chemical stimuation by material from its host. Washing
mites free of this chemical sign causes them to move toward the light
source. The positive response to light of the cleaa mites can then be
reversed by the introduction of macerial from the host to their vicinity.
In later experiments (1931), Welsh worked with . series of three mite
species inquiline with three distinct species of clams. He showed that in
each mite species such reversal of the light response could be brough.
about by material fvom its host alone. This work is highly significant,
for it not only represents the first demonstration of a high order of
specificity in the transfer of chemical information from host to associate,
but it also represents the fisst, and indeed the only, demonstration to
clate of the eflect that a specific chemical sign from a host may have on
the response of its associate to a different sumulus, in this case light.
The demonstration of this phenomenon is significant enough, regardless
of its importance in the control of the symbiocsis concerned. However, it
should perhaps be pointed out thau although the response reversal is
probably, as will be seen, of adaptive significance, the fint demonstration

of it was 0 an extent ‘drtuitous. Yet the very fact that this dramaticdy,
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reversal of sigh appenrs provides the deimest evidenee of the value of

the e of symhiotic associations as ool for the eludidation ol funda-
mentl physiological and hehavioval phenomenia per seo Fhis poeint his
been stressed before in a previous publication (Davenport, 1933). In
any partnership in which specificity ol response can be demonsirated, die
student of bebavior has an “orgardsm-enviromment” relationship which,
n one sense, is rather unique in that the experimenter can manipulate
the primary sowrce of stimuli (i.c.. the host) for its asscziate in a way in
whicl®an envitonment which provides the main source of stimali for a
frec-living organism can never be manipulated. This uniqueness is par-
ticularly true in pavtnerships in which the host relenses into its environ-
ment specific chemical signals winch may elicit responses from its as
sociite after it has been removed from the system. "This phenomenon, of
cotnse, gives the experimenter the oppeortunity of manipubiting the somnce
of stimuli ot only dn space bodalso in thne, Inothe medium containing
the chiemical sign we are provided with a reudy source ol material with
which the natire of the sign (thermil stability, solubility, cte.) may be
investigated, Similarly, this manipulability confets upon the experimenter
a unique opportunity to investigate stimulus-response chains of a high
order of specificity. The frequendy extrerie specificity should, in turn,
give us an opportunity to learn more about mcthods of transduction 1a
sensors and the manner in which specific information is coded during
wransmission and integration. As will be scen below, there is cvery posi-
bility that certain symbiotic invertelivates of a low level ef nervous mgani-
zation, such as actinians, may prove te be particulinly useful for wbis

purpose.

Although further work has not been carvied out on the chunanite
association of Welsh, one can foresee an advance of fundamental impor-
tance when the reversal of the light response upon stimulation by a
specific chiemical is thoroughly understood. It may be mentioned in
passing that the adaptive signiticance of the reversal of the light response
seems obvious; larval mites which -are [ree-living are dispersed while
they are positive Lo light. When they fall under the influence of host
factor (the timing of which may in part depend upon the stage of de-
velopment), they become negative to light, descend, and a2 carried into
the incurrent siphons of their hosts. A final question arises when one
contemplates the reversal of sign in this partnership. This is the extent
1o which conditioning or lcarning may be concerned in it. It is possible
that an answer may be gained in this case by 4 careful investigation of the
relationships between responses to the two stimuli concerned and the
relation of these responses to time, _

{ "
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g Il The Identification of Mediating Machinery
_ - Ihe experiments of Welbsh may be said to have established a pattern 1

fon the experimental analysis of behavior in symbioses, From them it
became appavent thiat one must sk fime of all what seris of stimali

- canse the active pirtner inan association o “seek” ity hoad, They R Lo
.. also established the imporance of discerning what unique behavior, dis. T
e tinee from e of the seeker's Treediving relatives, is exhibited by the E !
] active partner, the vniquencess lying in the adaptive sigiuficance of the f
3 . behavior in terms of ita importance in effecting or maintzining the sym- S S

biosis. The autiior's thinking -about this machinery was in turn affected

al
A daard

i ; -
L -4
E
E E
b .-
-
e . : . L
' C Y Fic. 1.~ The bee Andrena trimmerana and its partner in pscudocopuiation, the . N
; ] orchid Ophirys fusca.
£ -
H 1 i the late 1940’s by his becoming aware of the advances inade by the ]
- ethologists (Lorenz, Tinbergen, Baerends, Thorpe, etc., who demon- 1
1 strated the evolutionary and ecological significance of a precise sort of E.
3 information exchange between members of the same species. As is now
3 well known, this invalves the evolution ol specialized structures or move-
i - ments which serve to clicit specific adaptive responses from ather mem- {

bers of the same species. These structures or movements are termed “'re-
leasers.” Baercnds (1950) pointed out the importance of this specific type
- of infovmation exchange in symbioscs using the now famous case of the
relationship between a number of orchid species and cerzin Hy:nerop- ;.
tera (Fig. 1) in which the hymenopterous insect cross-iertilizes the orchid’y, 3
during an attempt to copulate with the floret. Clearly here the almost T

|
f
1y
;
E
',
®
z

it o A dian




. ‘. s . . ot v UITILE T - TERPUE) VICPRTQEAE oS Sad F 1=V -
e bkl A oyt ' e -y ’ % 2ol A . L
R iauaddull T ey ot - iAo dord i W"“.‘-'_‘T" \.q.g- ey vy w st

F O B R ]

S

-
——
!

T I8N Demorest Daven prort

incredible yosemblanee of the libellum of the orchid et 1o 1he
. hymenopterous insect is by the above definition an interspedifiec releas-
S i ing mechanisim; more recent work (Kullenherg, 1950, 1952) in(li(:llmr | 7 _
R that the ovehid species involved in such symbioses produce chemical signs E
I for the wiaies of theiv asociated hymenoptersus species with a high order :
: v jj of specificity. “hese chemical signs appear (o wrigger the copulatory
N R attempt. Whether such an association iy a true muotiadism hay noet been g E
Lo . proved, Baerends says: “"Uhe orchids ae especially fertitized by the insect R -3
IR as long as the fomale Tymenopiera have not teft the pupae (the males '
L - usually uuch frome a week to a formight canlier), During that tisae 1he
males e likely o suller from thaeshold Jowering with icgands to the .
T ’ sexual reactions. ., " One might comment that Bacrend's use of the wond - =
h “sullfer™ indicates some benelitacorued by the male hymenopteron when
U he periorms what the cthologists so delicately call the “consummatory
" act” with the orchid. Whether this benefit involves any scelective advan.
] tage o the insect is wuknown. ‘That truc releasers that have evolved to : -
N perform a particlar interspecific [unction are of importance in many ]
E wies of symbioses is clear; another case in point would be, of course, the
eroluiion of such structures as honey guides in certain angiosperms such
as the lorget-me-nat which in strongly reflecting ultraviolet light appar- _
~-enily provide a clear target for the nectar-seeking insect. In many cases, - R
1 " however, the releasers concerned in such mutualistic associations have not L
_1 been identified.
1 We shall, however, have iiitle occasion to use the term “releaser” in

T Y

the discussion that follows. In almost all cases involving animals and

L many involving plants, the association, being & unilateral one (either

K commmensal or parasitic), merely demands recognition by the seeker

i "} of some stimulus or pattern of stimuli [romn its host. Such a stimulus may

B be highly specific in its action without the implication that it has

Y evolved as a special mechanism [unctioning to attract the secker. For such
specifically acring information we shall use the more general terms “sign

stimulus” or “signal” whether or not the specificity of the total machinery ]

concerncd depends upon the nature of the signal iwself (i.e,, a character- . 3

1 istic of the sender) or upon particular physiological mechanisms intrinsic

] in the receiver. We have no great quantity of knowledge at hand concern- .

% ing the nature of the signals which effect symbioses, but they may, of

course, be classified in the same way as any other sort of sensory informa-

tion received by an organism, i.e., they may act via photoreceptors, mech- '

anoreceptors, chemoreceptors, etc. '
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8. ANALYSMS OF HEHAVIOR IN SYMBIOSFS x4

IV, The Role of Photorsception

Symbiosisadapuive responses (o photic stimuli vinge all the way from
simple kinetic or taxic responses to light, which (may) serve o increme
the protability of hostfindimgg, 10 pesception of o specific image of 1he
host by associne. Welbsles above-described expeciments ravide an
example of the former, bees (1), in his elegant amalysis ¢ the sensory
physiology ol the shieep rick Ixades, has shown how unfed ticks respond
w0 a sudden fall in light intensity by assuniing the "questing” position in
which the forelegs ave extended rigidly to the front, giving the animal
“an air of tense expectancy.” This incveases the chinces of the parasie
encovtering its numnnalian host. When the tick is gorged it is sirongly
photonegative and descends deeply into the vegetation. At the other cad
of the seale of importance of photic stimuli, recognition of disceie visual
images or pacterns must be a major bicior i ellecting certain pirimerships.
In dhe orchid-bymenopteron partnership, natime provides at least the
strongest circumstantial evidence that the male insects recognize the
libelhunw of the orchid which so much resembles the abdomen of the
female. Were this not so it would be hard to imagine any mechanism
whereby this astonishing resemblance had been selecied for. Obviowsly,
iy other veleasers whidh aflect specialized behavior in the symbiotic
asaciations between hymenoptera and the llowering plants they cvoss
fertilize must be visuadly recognized by the insect. In the ficld of marine
symbioses, Arnold (1953) presents good evidence that part of the vecogni-
tion of the host sea-cucwinber Holothuria tubulosa Gmelin by its inquiline
fish Carapus acus (Brunnich) depends upon the receipt of visual infoi-
ation. Fishes which live in association with sea uichins (Fig. 2) and with
giant sea anemones (Fig. 3) certainly recognize their asscciates by visual
means; the author and Dr. Kenneth Norris repeatedly observed the way
fishes of the latter partnership orient themselves toward their host when
prevented by a glass pane from receiving any other sort ol information
from it.

In another fascinating vertebrate-invertebrate association (see Chap-

ter 7), that between a number of species of shrimps [Paraclimenes yuca-

tanicus (Ives) and P. pedersoni Chace; Hippolysmata grabhami Gordon
and H.ralifornica Stimpson; Stenopus hispidus Oliver and . scutellatus
Rankin, etc.] and the numerous species of fish whose surlaces they clean,
visual signs must be the most important method of information exchange
in maintaining the relationship. The late Conrad Limbaugh of Scripps
Instirution of Oceanography, before his untimely death in a diving ac-
cident certainly one of the world's’ leading undersz2 naturalisis, made a
number of r ex 1tereking obeervations on cleaning symbioses in tHy,
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300 Demarest Davenfiort

acit: these were later pablished (Limbaugh, 1961; Limbaugh et al,, 1961).
These brilliantly colored shiimps generally have a well-established sta-
von, and frequendy the station is in effect a symibiosis between the ¢
shrimp and a favge seasanemonc [2, predersoni with Bariholomea annulaia
(Lesueur)). As bas been so beinntifully shown in a filin tiken by Harry
Pederson on the Bubaman reels, the crustaccan “atiracts the atiention of
a great vaviety of reel fishes by whipping its antcnnac and by swaying
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back and forth from i promiacnt position on or neir the anemone.” This
5 behaviar mst be of wimnt significance in the mainienance of this e
7‘ ticular symbiosis. “Uhe fish absarve it and line up o e serviced, guite
frequently pushing cach other out of the way, for all the world like a
group of impatient moviegoers in o long queue, in order 1o allew the

Jum, which is abligingly held open. However, as has so olten heen the ok
cise, there has as yet been linde effort to establish the exaat natne of
the signals which ellect the vesponse of fishes to the shrimp or viee versa.
All subjective evidenee points 1o a relationship between the shrimps's
tervitoviadity and its dancing, antenna-waving activity, but the importance

I of these factors has not been experimentally demonstrated. Certainly one
: of the most impovtant sources of stimuli for the fish may he the color .
; pattern of the shrimp. Experiments immediately come tn mind in whirh
madifications of the shrimp's activity and color could be made, both with
b the living animal or with models. 1
1 Two other facets of this symbiosis remain to be elucidired, hoth
b involving inhibition by the shrimp of certain activity of its partners. First
k of all onc may wonder whether, as must be the case in many animals
4 living with coeicnterates, the shrimp in some way inhibits the nemazocyst
B discharge of its ancmone “office.” Second, just what prevents the fishes,
“ many of which are certainly prodacious on crustacea, from ingesting the
shrimp? That some cleanershrimps which have not as yet developed a
fully cffective inhibitory mechanisin miay be ingested by the Nishes they
] clean has Leen demonstated (Limbaugh et al,, 1961); an appreciable
number of H. californica have been found in the stomachs ol marays,
_ How do successful species effect thein protection? By color? Special be-
1 havior? Perhaps the antennal waving serves to inhibit predation anc i
_# does not “auract” the fishes ac 2ll. Only experinients will answer these .
y questions. It is fascinating to theorize about the course of evolution of
this association, for it would seem ahuost certain that it could only have
arisen between shrimps and fishes in which there was a continued danger
af predation by the latter on the former; one might question whether any
: other relationship would have been intimaie enough to permit the
' symbiosis to develop at all. During the course of evolution there may :
§ well have been a knife-edge balance between predation of fishes on these
E sheimps and their ability to inhibit the predation.
4 V. The Role of Mechanoreception
? Even less is known about the role of the receipt of tactile information
k mediated by mechanorecepiors in symbioses. We shall in all probability ,

find some larval symbiotic asmociates, the metamorphosis of which is "
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8. ANALVNMS OF BEHAVIOR IN SYMBIOSES 398

wiggered only upon contact with a substrate of the correct physical
nature, Te will, as always, be difficult to be sure that the physical state of
the substrate alone is responsible for metamorphosis and that a contact-
chemical sense niay not also be involved. In any such investigation a debt
will be owed by the investigator to Douglas Wilson, who has so success-
fully demonstrated the importance of specific physical and chemical sig-
nals in cliciting the metimorphosis of a number of marine invertehrate
Lavvae. Under any civeumstancee, pcr('cpli(m of this sort must be important
in s)ml)mscs. Passano and Pantin (1955) in working with the physiology of
the actinian Calliactis parasitica (Couch) isolated from its host hermit
crab but attached to a glass plate, noted that the anemone responds 10
jets of water by bending in the direction of the jet. The rescarches to be
discussed below of Ross (1960), Ross and Sutton (1961a,b), and Daven-
port et <2, (1961) have indicated the manner in which the physiology and
belavior of the anemonce are highly adapted to its particular symbiotic
habit. Passano and Pantin hypothesized that the mechanical response is
one that gives the ancinone an advantage in feeding, when in actuality
it would appear that the responsc is the first of a series which occur as

the actinian_recognizes and attaches to its Liost’s shell. It would be in-

teresting to determine whether this response to jets of water occur as
freqquently when the anemone ic already attached to its host’s shell as
when it is isolated from it.

In unpublished work Gilpin-Lrown showed that young Nereis fucata
Savigny, the adults of which are inquiline in the shells inhabited by the
hermic erab Eupagurus bernhardus (L), make smali tubes on the sea
bottom. In aquaria he noted that il the substrate on which the wubes are
placed was mechanically disturbed, these young nereids extended their
heads from the tubes and made searching movements. Although Gilpin-
Brown could not carry these experiments to the extent of observing
colonization of the host, it would seem reasonable to assume that this
response to mechanical disturbance may serve to increase the chance of
the young worm making contact with a passing hermit crab. It would be
most interesting to know more about the nature and specificity of the
mechanical stimuli necessary to elicit this response.

.
N

Vi. The Role of Chemoreception

Just as the receipt of specific chemical information is of great im-
portance in the mediation of countless predator-prey and [ceder-food-
plant relationship, so it is of similar significance in mediating symbiotic
associations. Chemical sign stimuli are perhaps maximally important in
the maintenance of aquatic pyrtnerships in general, For some years the
author carried cut (for the most part at the Friday Harbor Laboratories
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of the University of Washington) a sevies of investigations of the role of
chemical signals in marine symbioses, directing his atention Lurgely o
partuesships in which a polychacte annelid is the active, sccking member,,
In thesc experimients a number of types of apparatus have been used,
reflecting the exigencies of particular problems to be solved and an in-
crease in the cfficiency in the design of apparatus to give more than onc

Fic. 4. Y-tube olfactometer,

sort of data at once. The first apparatus (Davenport, 1950) consisted of a
simple Y-tube olfactometer (Fig. 4). Two identical aquaria were con-
nected by cross conncctions to the arms of a glass Y. A slight bend in
the stem of the Y at (A), a stopper with a stopcock at that point and four
pinch clamps on the leads to the arms made it possible to fill the system
with sea water, and by removing the stopper at (A), to insert a polychaete
in the stem of the Y. The stopcock in the stopper at (A) was then op-ned
slightly and leads to two of the arms opened, allowing material 10 come
down [rom the aquaria to the point-of-choice (B). With this apparatus, if
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no chemical sign from the host were in the system, a polychacte in posi-
tion (A) would ordinaiily remain quiescent, but when a lead to the

aquarinm containing the host was opened and the signal reached it it

would vapidly become activated, moving up 10 the point-ol-choice (I3)
and entering an arme Runs ol this sort were scored -1 if the polychzete
entered the arn containing sipn, — il it enteved the arm with unlabeled
water, Presentation of chemical signal in one or the other arms of the Y
coukd be randomized as a result of the crosssupply, thus controlling any
possible viniadon in light or pressure at the point-of-choice (I3).

This appavatus, although cffective in our carly experiments, had cer-
tiin very definite shortcomings, among the worst of which was the tedious-
ness of making enough runs using single animals to accrue adequate data
for quantification and statistical analysis. In addition, one could measure
with this apparatus only one sort of behavioral act, that is, the choice
made by the worm when presented with streams ol diflerent nature.
Studies could not be conducted on such phenomena as linear velocity or
vite of change of direction under the effect of host factor. A further short.
coming was that the apparatus was not suited to test the behavior of
organisms such as crabs which do not progress along the axis of their
planc of bilateral symmetry. However, with the apparatus, initial studies
were made which indicated the importance of procecding with the in-
vestigation, "Fhese studies were conducted with members of a highly in-
teresting genus of polynoid polychactes, the genus Arcionoé, the members
of which inhabit the ambulacral grooves of starfish, the surface ol Holo-
thuvia, the mantle cavity of Amphincura and Gastropoda, the tubes of
other polychaetes, cte. The recorded host habit of this genus can he
scen in Table L. In our initial experiments we tested the responses of
Arctonoé fragilis (Baird) and 4. pulchra (Johnson) to sca water {rom
aquaria containing their respective hosts, the starfish Evasterias troschelii
Stimpson and the sea cucumber Parastichopus californicus (Stimpson).
Both worms could discern and were clearly attracted to material coming
from their host. Neither indicated any response whatever to water from
the other’s host, nor did either indicate any response to closely related
nonhost scars or sca cucumbers.

The apparatus is reasonably well suited to gain information about
the nature of chemical signs, except for the tediousness of single-run
operations, It was first found (Davenport and Hickok, 1951) that aquar-
ium water [rom which a host Evasterias had been removed 24 hours
before no longer possessed any attraction for its polychaete associate.
If water from an aquarium containing a starfish effected strong responses,
rather forcible removal of the starfish from the wall of the aquarium,
which left torn-off tube feetlor: the aquarium wall, would immediately
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A fragilis
Echinedcimata
Aptervidea:

o pulehirn
Echinodermata
Anicryides:

Holothevia;
Fehinoidea:
Mullusea
Amphincuru:
Gastropola:
Annclida
I'olychacta:
A.villala
Echinodcrmata
Asteroidea:

Mollusca
Amphincura:

Castropoda:

Annclida
Polychacia:

e teriay heneliedii Nimpson
Lepitusteriny nequali
Lo ptasteriay hexactis (Stimymon)

trthnderins kaclileii (de Loriol) (= eolunibinna Yerrill)y

Pisaster orliacens (Baanddt)
Nelaster deswsoni Veyrill
Siylastering forverd (e Loriol)

FLuidia felielata Grube

" Prerester tesselalis bves
Nolaster dimpaoni Verrill
Paraslichopus cnlifornien (Stimpson)
“Sea urchin” (vitlc Chamberlin)

Cryptochiton stelleri Middcendort
Megatliura crenulata (Sowerby)

Loimin montagui (Gruix)

Devinasterias imbricata (Grube)
Pteraster tesselatus Ivey
Crussaster pappisus (Linnd)
Henricia leviusruln (Stinpeon)
Luidin folinlatn Grube

Solaster stimpisoni Verrill

8. dawsoni Verrill

N, endeca (Linud)

Astering annpencs Lilthen

“Cryptochiton stelleri Micilendorf
irniora aspera Fuehecholty
Punciurella curnliata Gould
Puncturella inultistriata Dall
Adcmaea milva Eschscholtz
Tidarina cidaris Adams
Fusitriton oregonense (Rediichl)
Haliotis kamschatkana Jonas
Patelloida sp.

Amphiirite robusia Johnson
Thelepus crispus Johnson

¢ After Petiibone (1958). {
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abolish the vesponses, T hose stae wis suspended in a boltingsilk bag in
an agrensun and then Goetally semoved, the water i the aquaniim
rectined i atticton for o period ol hetween 15 and 30 minutes, 30 the
Bost startish was suspended in an aquarinm overnight in a dialyzing bag,
the water outside the dialyzing bag cllected no attraction, Splitting the
bag with o vavor blade immediately brought about positive vesponses.
Finally, a number of types ol prepavations were wested to discern attract-
ability ol parts ol hosts, e, washed, eviscerated integument of Parasticho-
poes e Evasterias, ground-up preparations of Evasterias, and washed
viseera ol Parastichopus. None ol these elicited positive vesponses and.
some, indeed, appeared o repel the polychaete associates.

“There is obviously comsicerable variability in the ability of asocdiated
annelids at least 1o recognize their hosts by chemorcception from i div-
tance. Concurrently, with the above experiments, tests were run an the
well-known associated polynoid, Halosydna brevisetosa Kinberg, which
had been collected from the tubes of the large terebellid Amphitrite
robuste (Johnson). Even when as many as 19 large Amphitrite were placed
in an acrated test aquarium for 12 howrs, the water surrounding them
had no attraction whatever for Halosydna; distribution in the arms of the
Y was random, It was noted, however, that if this large commensal came
in contact with the delicate tentacle of its host terebellid, it would move
directly along the tentacle until it came in contact with the body of the
host, wirercupon it would wrap itself around the host.

These observations led to a number of experimeats later conducted
at the Marine Biological Laboratory, Plymouth (Davenport, 1953a). In
the case of the scale worm Acholoé astericola (Delle Chiaje) associated
with the starfish dsteropecten irregularis (Pennant), no response what-
ever could be demonstrated when a host star was breught within a few
millimeters of the worm'’s head, but il contact was made, the response of
the polynoid was immediate and characteristic. 1€ a tube foot was
presented o the head of the polynoid it would cling to the tube foot
and wrap its body around it immediately. This wrapping response made
possible a number of studies in specificity which were of some interest.
Table I1 indicates the results of testing this polynoid against a number
of starfishes in Plymouth waters. As can be secen {rom the table, worms
responted consistently both to the host dstropecten and to the starfish
Luidia eiiaris (Phillippi). [t is interesting to note that the worm is
symbiotic with Lutdia in southern Europe, but has not been recorded with
it in Plymouth Sound. The datgy indicate that Acholoé responds to some
extent to all members of ghe asteriod order Phanerozonia available at
Plymouth (Astropectzn, Luidia, Porania but not Solaster), to certain
spinulose stars (Asterina, Palmipes, Henricia) but not ordinarily te
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fovcipulate sws (ddstevias, Marthasterias, Stichastrella). “This would ap-
pear 1o indicate some possibility of biochemical similarity between
members ol each group, In addition, it was possible with the contact
technique o determine something about the source and nature of the
attvctant fov deholoé, “Uhe sitwation does not appear o be exadtly
similar o that in dretonod, although the testing wechnigues were, of
counse, nov the same, tn deholoé any excised matevial from the host
appeataed o elicit the charvacteristic contact response, and there was evi-
dence that the stomich of the host was the richest source ol chemical
signal. Isolated tissue appeared to retain its attraction as long as it re-
mained fresh and alive. Chilling the tissue did not appear to aleer its at-
tiction, butstemperatures above 45°C abolished it. The signal could be
adhorbed on cotton merely by placing bits of cotton in the stomach of the
host. 1f such hits of cotton were placed in a moist chamber and tested some
5 winutes after vemoval from the stomach, they still clicited positive
responses, but by the end of 15 minutes they had lost their effect. There
is clear indication here of the instability of the signal in air.

The admittedly somewhat subjective method of testing responses by
direct contact made it possible, nevertheless, to carry out at Plymouth
some cxtremely interesting studies on specificity, which are believed 10
have some significance (rom the point of view of the evolution of new
host habits (Davenport, 1953b). A particularly interesting ecological
situation cxists in the large masses of intertwined tubes of Chaetopterus
variopedatus (Renier) which may be dredged (rom the Eddystone grounds.
In between inhabited and within abandoned tubes there frequently
occurs the handsome strawberry-colored terebellid Polymnia nebulosa
(Montagu). About 309, of these are accompanied by the symbiotic Polynoé
scolopendrina Savigny. Tests of the responses of this worm indicated a
much more precise specificity than that shown in the above-described
tests with Acholoé. A Polynoé gave no responses whatever to any worm
not a member of the family of its host. Tested against a spectrum ol
polychactes in the family Terehellidac the polynoid gave the responses
seen in Table 11I(A). It is to be noted that consistent responses were given
10 the host alone, but reduced responses were given to two members of the
genus Amphitrite while no responses whatever were given to Terebella
lapidaria L. and Polycirrus caliendrum Claparéde. However, one of the
most interesting and, we believe, significant facts in these studies emerged
when this polynoid was tested against two forms which have been reported
as alternate hosts, Lanice conchilega (Pallas) (which is again a terebellid)
and Lysidice ninetta Audouin and Milne-Edwards (which is not 4 terebel-
lid, but a eunicid). Table 111(B) indicates the results. As can be seen, the
polynoid responded strongly¢ to an alternate host in Plymouth waters
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1 - .
UABLE 111
3 Rexvonus o lolvuoé scolopendrinas
i Q)]
Ampliitrite Tercbelln Polycirrus Hont
1 Woum edwardsi lapidarie caliendrum conirul
' ] 0 n 0 +
2 0 0 0 "
L] a ) (i} 0 +
o [} u 1] +
< I 0 0 [1] -+
3 1] 1] ] (+)
7 0 LV [ +
8 0 0 R -4
- Amphitrite Amphitrite Hos
Woim johnstoni gracilie control
9 0 0 +
1o o (+) +
1 i 0 T 4-
12 " S+ +
1 + 0 +
14 0 ) +
15 o +) “+
16 (+) +) +
(B)
} Lanice Lysidice
conchilega ninetta Host
Worm (Tereiellidac) (Bunicidae) control
1 0 +) +
2 0 +) +
3 0 + +
4 v + -+
5 0 + +
6 0 o +-
7 ¢ + +
8 0 + +
Hom
Worm L. conchilegad control
9 0 4-
10 0 +
I ] +
12 1] 0
13 U} +
4 @ -+
15 0 +
& Kiv: As in Table I1.
» The tems aguink Lsnice were repeated with fresh material
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whidh belongs to a wetally ditferent family of polychactes than ity host
Polymania. e did not respond o Lanice with which it has been deseribed
(rom deep water on the French coast, in apite of the fact that Lanice is
atevebellid, Some rather similar information was obtained with tests on
the polynoid Harmotho# spinifera (Ehlers), which lives in association
with a tevebetlid Amphitrite gracitis Grabe and has also heen deseribed
trom the tevebellid Polycirrus caliendrum. A population of this polynoid
collected Trom Admphatrite gracilis, when tested against the host, two other
wembers of the genus dmphitrite and Polyciveus caliendrum, gave wai-
formly strong responses to the host and to Polycirrus but reduced re-
sponses (o two terebellids in the same genus as the host. This experiment
and the above-described tests with Polymnia yiclded some most interest-
ing information, for the sime phenomenon appeared in both: Some
symbiotes have popualations living with unrelated hosts, let us say 4 and
B. A symbiote collected fiom A may, however, give cqually strong re-
sponses o BB, in spite of the fact that B is unrclated to 4. Furthermore,
said symbiotes may give much stronger responses to the alternate host B,
than to A’ or A”, nonhosts in the sume genus as A. The significance of
this sort of specifi ity in the establishment of new associations has been
discussed elsewhere (Davenport, 1955). Put in the simplest way it would
scent entirvely possible that the fortuitous production by some nonhost
animal ol a metabolite similar to the chemical signal of 2 host may very
well Tead o an establishment of an association with it, all other factors
being favorabie.

However, drawing conclusions {rom an analysis of vespons. »pecificity
is not casy. Table IV gives some indication of the situation when one tests
the responses of the polynoid Harmothoé lunuleta (Delle Chiaje) against
a broad spectrum of alternate hosts. Three populations of Harmotho#
were tested against this spectrum, one [rom the brittle star Acrocnida
brachiata (Montagu), one from the holothurian Leptosynapta inhaerens
(O. F. Miiller), and onc from the terchellid polychacte dmphitrite
fohustoni Malmgren. It is intevesting to note that those worms collected
fron the brittle star responded with strong positives to their own host,
to the alternate host Leptosynapta, but to no other alternate hosts; the
population collected from Leptosynapta, although admitiedly small, re-
sponded to their host only, curiously enough not demonstrating the
double specificity of their velatives that inhabited the brittle st:r. Poly-
noids collerted from Amphitrite vesponded with fuller intensity o their
host and gave occasional partial responses to Leptosynepta and a number:
of alternate annelid hosts. The significance of this type of response spec-

ificity remains unexplained.

Not long after the condpletion of the above studies in' Plymouth, the .
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conhelic winiea Whel o seasd acios s daierent tian s belavion ot
Sl G e, aow, e can observe changes in behavior, it any, as e

weiidies GIOACY s coss o tecis interiace o aradient of chemical sighal. One

coatthen oo he wiscaras daticiences induced by the chemidand signad, analyze
thase deivicings to deicnnine wheiner or ot they can be Gaegaorized s
ainctic gomndineciionad) o tande Girectonal) vesponsces, Analysis of jathe
Wby Bt w i o tites aboat G behavior of the syhiotic
Codarke. Fise e worin speeds ags miarkedly under dhe indluence of host

.

el
Vi, oo Tty oo Pl i prgettensds i the tough offaciomerer, AL w heesliving
W hant-aabeled water wnd Humeseem. B3, commensal wonm,

Wateant, SR vhiaee aitta g

[ o uuumcm.d worin, host-labeled water with tlhuorescein.

e UMUIR 8

where distwnce traveled s plotted against time intervais,

BT AL I R S

we e that thae fnGease i linear velocity occurring when the animal first

covotniens cenaalsignal rapidiy drops ol and rewurns to aonorm, prob.
wend dn e besait of semsory adapiation. Pathways were analyzed to de-
cortaihe whetior there wan any vaviation in the rate of change of direction
wien the Podarke cncountered sign, When one used the admitedly some-
Wit aubvctive method ol Ullvowe (1956) 1o determine the nunber of
Condiey ef Gliection per cendmeter of track or per unit time and when
: e analvzed these dataostatistically, it amerged that the prosence ol sigaal
dced Bo sgalucaat change in che rate of change of direction. As 11"
Wiicie s e dharacterisde penitive, indicaies, the associated Podarke

N

) way tu we phivsiologicaily trapned in a hostdubeled stream. They

Wolu Ly

“odmh oan” e cwrent ws thiey do whether or not signal s in it Yet
woere thoey Gvoss the nterlace between host-labeled and non-host-labeled
waier, ey tarn eward e seares tar more frequently than away from

Caosotvo whelier ey are moving vut of the host-labeled stream or into




OV Dewarest Daven port

it Uhe sense ovgans of the Podarke e therelore obviouwly being asvin-
mewically {Giedionadly) affeaed. To would appear, then, that s syiabi-
Wic Podarke pigettensis w positive topotaxis is probably the most fiipor-
tant behaviorad mechanism involved in host Iimding, “There is 1o appmient
Klinokinetic response (change in the rate of random change of dircaion;
catscid by chewmicud signal. Chemokinetic vesponses wre thesciore of less
maportance, although there is clear evidence that a “direat” orthokinctic
response (in which linear velocity is divectly proportional 16 (niensity of
stimuladion) occurs when the worm first encounters host-labeled water,
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whvihed dhiy deviousios s adected by enconntering interiwees, bat Fig,
SOUshows ot e devioas padhiway s seiined even whew she eatire
Vst iy faaed witinsigind, This devioasness is highly interesting, becase
sevcntival wanadtsis oo the vt indicaes diat drequency ol tiibitg i jao
conbional o miteasity of chendad stiaulas, o dependent apon the nae
v 0! Cliaetopienn placed i the tost aquaarivn, This is actypecad “divea”
sinohinetic pevionses ider shese experimeatal couditions, in ospite o
Pa Gt that acguenay ol arnibg ncrcases withe vise du duiensiy of
stitinalay, Gie aoited net dbplacenient of a Lage numiber of aniaads was
random i JKreclion: Lwy were not, by the klinokinetic mechanisin,

c

Vi X0 Duaees o NG Glaclopterana, N, Toue Tiaks mide By a sing e vah,
e s s tving fhiecesecin oalve Beosame ovab nn dimmediately againet osts
dowater widh Buoiesccin, G, ek of o crabr in trough entively alled with host-

e
canoe

ettt Wikl

cadennd o aove an dhe geadivnt i the central siveam toward the source.
i e behavior of those aribs iy abo mediated by a chemotactic (divee
e reanmae s dndicaied by the Tact that careful statistical analysis of
v et atiawiys shows thiat they can diseern the difference at the
e aattwveen the central hostiabeled saeam and pure sea water,
esiv cagaenly than noi, wirning baek nto it when they reach the
RIS ETTTR SN
Coas olalons iad this aseaciis wlso provides an extremely elicctive
e L evestization of spedifndies and e naware of chamiead signals,
S e Claelopterus weee shiown o vaesbend readily to theiwr albier-
e i ddrite vrnade Veinill, Dad paad no attention 1o water con-
ety Nercdy or drenicola, Doth acaliost poiychaetes, T wis found
o te clicit respoises ton Chaeiopterusswaier as much as 24 hours
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wiies the removal od the host worins, Raising the temperature of host-

- cer et e e——m



EN Ddenierrent Ilum'uj/ru'l

wheicd water o B e Lo siaies clinanaded il diaces o i,
When hosts were seoeaed b wdiadssiaeg Do, U water aoiside tiae b
e o dication of WYL D a et ol othes fesi e buding Gt
ment with trypsing, bnonmation wes obbiined whnh incGiched that the

chenical sigoad was paobably dachaively tasestaide sioiean,

Vil, Syimbiozis: A Tool for tae invesnigution of Dasic

Phywiological ana Zohuvioral Phcnomuena

"The alionve dc.\ui;;tiun Doz 1o ndicate how  witii iae GOV il
of clicetive pparatis, syinbioses tiay provide i santicnlay ciecioe 1o
for the investigation of belivior per sec As s been revioisds strosed,
this depends, as much s aaything ebve, on the relative case wiih whidh the

winuay source ol stanudi for the associnted “seeker™ Gnay be raaniae

1 e
Lted, Laggely as aovesult of these experiinents, the writer i becoae
.

extrvely fnterested in one phenmaenon exhibited by the arab. natacety,
the direct klinokinetic vesponse. This phenoienaon, in whahl taie o0

change of divection vavies diveatly with intensity ol stinaalation, has Loy
attracted the inerest of students of physiology and beivior, ft sfeedhid
ahways be hept in mind that, by definition, the duedtion of Ritosineii
turaing is mdome I dhis s the cise, whid fundtion does the bebvior
have in “aget hnding? "The plienomenon wddoubiediy occns in steay
pinsla of animals, but lue only varely been demiomtiated when the
posaihility of directional stimulation has been entively eliminated. "Thin
appears o have heen done by Dedhier (1957) in his sigaificani studies of
the eilects of eeding ditlerent concentrations of sucrose 1o the iy
Civornia, “The physiological machinery etleciing this respoise may be
established in the genetic code of cevtain species and not others. T this
iv the case, we must perforce direct our attention to the question ot how

this machinery imparts aoselective advantage to the species that has i
Personal communication with a number of workers who have been
interestedd in such responses (Fraenkel, Wigglesworth, Dethier, ] 5.
Kennedy) indicates that there has been no experinmentad demonsira-
tion of the ellicacy of a divect kinokinesis in bringing abott aggregation
at oy near the point of higheso concentration or Latcasity of stimalus.
The above-described experiments witn the pinnixids, in which the e
of random trping iucreaned with the concentration oi host tactor il
i which, nevertheles, eridas failed o move up the gradient that exisied
i the cenual hostlabeled stream, appear to indicate that under ihese
conditions, at least, the divect kiinokinetic response acting alone did no
cate the arab to come closer o the stimulus source. One might suppose
tiag, oo cffect, any mechanism which reduces the lengih of straighs rans
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besttiny shiwined feaostady on Rlohinesis, sae theoreiica compaases
stiaes doave evenily been unaetioaen, dhe sestditn o whnch e sy
nconcusi ¢ and ihercfore auil anpublished, Theoretical animais e
tnaved ona grid representing o miaveent boom Ligho 1o dow Jeven ol
stinudaton Froutany single poine on thas grid o theorciicns aniad Las,
CVCOY e G moves, L cartain probabiity of making a forwind move of
Eaed dength, aocerinn probadiiity of naking a 90% i o hie et ol

snniber dengih, oocertadn paobability of making o 90° tan w the

ol similu lengih and 0 probability o 4 backward maove, Pre

Shinary
studios o dhis sorc dn o which o divect klinokinesis win siimnuiated (with
iy climinmiedy by keeping the probability of vighi or lelt turns equal
bt by viwying the probability of a forward junap fvoin high prolability
at the end ol low stimlaton o the grid w low proLability at the end ot
High sthaulation on the grid indicate that o« Lge naaber of anbnals
tirown onto the grid show whier the passage of 100 jumps @ net displace
nweat which iy wtidly random in divection, This approach his wbo
ciabled us to demonstrate that statistical aggresation occuts, as one might

expedt, ab the ighsumudation end ot the grid i we simulate the citedcs
of the taxic response adone by keeping the proLability of tosward motiosn
coistante but nusing tie probability of tuins up the gradient higher thia
down ihe gradiena Jo should be a least theoretically possible 1o dind

out whedher a pardeular reladionship between these behavioial plhiee
nanenu may incrane the chinces of reaching the turgets the efects of
seisory adapiaiion can abso be simulaied. Tt would seeny reasonable o
wwsaine that the ropotaxic response as defined by Fruenkel ind Guan, in
wihich syauncnically arranged sense organs arve osymmewically stiaue
ated, ds aorelutivery clliciest targecfinding mechanism. But i would aiso
anpear w0 be possible, although it his not as yet been demonstrated, tiat
win animal behaving fa dthis way and wt the sime tme Lossesing i stime
Wiasrespoise nachinesy which caeses it to alter s Iineir velocity wnid
sate widhange of direction as it nioves o aoregion of more intense stine

wladlon may have a more cflcdent trgetlinding miecchanism than wa

anianad which possesses the taxic response wione. ‘The provanility that no
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sin wwganisin as the ldter ety dnoanaure gives evidence of the adapiive

silicance of Rineses, hut this should be demonstrable on mathienmaiial
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This Invesiiguiian of the role of klinolinesis in hostiinding ia

syibioses iriggered the desclopment of uew apparatus designed to study

kiinokinetic phenomenu and oiher sypos of behavior .u the invasive
stuges of certuin associuted animuds which are oo small 0 observe in
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speed with which the experimenter could record the pathways of &

Lavge nmaber of single onganisms was Finited only by his dextevity in
seting ap drops Tor the apparatus. ‘Theie is, of coune, in such appaanus

no renon to limie oaesell to one ogimisin per diap, just so Jong s
crowding does not inttoduce extraneots stinii resalting irom: yandom
cneonnier,

These miracidia were shown to tavel at approximately LK nn per
sccond, Normally, the path of aw mivacidivm in a drop of water is straight
ancd involves smooth gliding motion more ar less directly from mceniscus
to meniscus across & drop. There is, of course, no reason to assume that

“under natural conditions such an organism proceeds in a straight line
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Fii. 9. Two-sccond exposiives of the tracks of the iracidium of Mchistosoma
mansoni. A, in a water drop. B. in Altered extract of whole ground host shail,
Australorhis glalvatus. At the right in B the “whirling” activity frequently exhibited
on tirst cncountering host extract.

for a long period of time, but neverthreless a rate of linear velocity in
excess of 6 meters/hour must be of some ecological significance in the
dispersal of the invasive stages of this dangerous parasite.

Unforiunately, it was not possible to carry sut quantitative studies
on the klinokinciic behavior of this wiracidium, although Fig. 108
shows the marked change in the rate of random turning which occurs
when the miracidium is placed in extract of whole, ground, host snhail.
Here again, it becomes absolutely necessary to find out how this response,
which appears 1o be relatively specific for material from the host snail,
helps the miracidium to find the snail.

Recently similar apparactus in which the optical systen has been
reduced 10 a minimum has been developed for the writer's laboratory
(Fig. 10). This is particularly well suited to the recording of pathways
of organisms within a wide range of size variatio. between about 15 and
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100 4. A die present dime the possibilities fov the use of this apparatas
e being exploved in o stady of the bieediving phytoplankter Gonyarndax
pralvhedia Steing With it as a test onganisim, we have made thorough
studies of the elleas of changes of salinity and emperatme on dincar
velodiy and vate of dhange of diection in the individual ccll. Jn the
couise ol these studies it has abso been found possible o obtain very
precise dati an the eftects of light on a strongly photapesitive orgaaisin,
Fortunately, illumination ol the moving organisms in the drop by the
passage of a strong beanr of light through the drop parallel to the planc
of the slide. in no way affects the potential changes occurring in the
photocell which result from the scattering of the light of the scanning
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Fue, 10, Block diagram of the scanning apparatus,

beam Ly the organim. One can thevelore recovd the “normal” pathway
ot an organism and then recovd us pathway under directionzl stimulus
how astong light beam. In strongly photopositive organisms the number
of organisn on the viewing screen decreases with time when they are
under directional illumination, as a result of their movement toward the
light source. One has but to take a series of photographs and record
the number of cells in the drop alter the passage of a number of fixed
time intervals during which the organisms are exposed to the light beam
in oxler to obtain data on this rate of departure. This will be a function
of change in linear velocity or rate of change of direction under the
illumineiion. By this technique it will be possible to obtain data on the
elfects of variation in intensity and wavelength of a directional light
stimulus, '

To date no further iﬁvatigatiom ‘have been conducted with this
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b apparatus upon ashiptive iesporses in symbiotic organisms, Av the time
of writing, the appavatus is nov engincared (o give s information on the
belivior of aingle wicvoorgas sy in o chemical gradient. We believe
that i shoold he possible o dothis, ond i we can, we will rerorn o oor
analysis o Klinokinetic behavior wsing types ol micongansing in which
tue Gaxic behavier ivolving o divectional choice by the organisim
seens less Hikely than inan organism with synuncuically arvanged, paired ‘
sense organs. But perhaps the most significant biological relationship in
animate nature involving chemical taget-inding is that between opy
A _ and sperm. Significant advances in our understanding of the control
i - " of movement of sperms have been made by Lord Rothschild (1936) and
: Brokaw (1958). For the most part, however, these involve the recording
of the behavier of numbers of individuals rather than single individaals, g
although more recently in unpublished work, Brokaw has cast much
‘ ‘ light on the machinery governing the behavior of individual fern sperms.
C 1t is hoped that future modification of the apparatus described above to 3
increase the cliciency ol the optical system will make it possible to scan -
and record the activity of the single spermn cell under varying conditions. =
The importance of obtaining more quantitative data on lincar velocity
and rate of change of direction in the individual sperm ccll is obvious,
The above has been presented as an indication of how the experi- .
mental approach to behavior in symbioses can advance our undeistanding -
of fundamental biological phcnomena as well as cast light on symbioses
per se. This has not only involved such phenomena as the physiology of
wrget-Aading, or the natwre of chemical signals, or the above-described 3
bioassay of spectra of hosts. Many other types of biological phenomena 3 T
can be investigated with the use of symbioses, and we may present two
s : types as examples. Fundamental advances in our understanding of the
‘ ’ neurophysiology and the bebavior of coelenterates and of the control of
their so-called independent ellectors, the nematocysts, have been made
S : ‘ S with the use of certain interspecific relationships involving coelenterates.
T R ,‘ Invertebrate zoologists and students of behavior have become increasingly
S interested in gaining an understanding of what coclenterates can do. i -2
- S It has long been thought that their nervous system consists of a relatively
: ’ ; simple nerve net; as is well known, Professor Carl F. A. Pantin of
. . - Cambridge University and his students have investigated coclenterate
E g neurophysiology at great length and set the stage for more recent
. . investigations. Many neurophysiologists feel strongly that a thorough .
‘ understanding of the function of the coelenterate system can contribute
greatly to our understanding of more complex systems of organization.
Theoretical coelenterate nerve nets have been created recently'and
studied ori computer systems. Pethaps the most imporiant and indeed
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diamatic demonstiation of ihe capabilities of an actinian has yecenly
been made by Rossy (1960) of (he Univenity of Alberta, who has car-
vicd onw sevies ol elegint experiments in the couse ol investigating
the relatiomship bheoween the Ewopean beviit ceay Enfriguriy bern.
Teoredis (1) andd the seacanemone Galline tis parasitica (Cond) which Tives
o the shell inhabied by the craln Previous 1o Ross's wonk this paitner-
ship bk bcew anvestanted by Fanov (FHO, 1H32), Branedli (1918), i
Wock (1927), Phe arocial experinient conducted by Ross wiiich hay
such divect beaving on cocdemerate physiology and behavior was per-
formad at Plymouth, where Eupagurus takes litde or no part in the
aetivity which resulis jn the change of prasiiion ol a Calliarlis from a
gl plate o stone 1o the shelt ol it host, ‘The behavior ol the ancmone
i 0 precise and sointeresting Gt it would he best to quote Rosy' words
¢ .coly ina deseription of the process:

The attachment of Calliactis, which have been removed from shells, to stones,
Klaxs plates and other abjects, i in no way iematkable, An animal lying on
its sitte, ov supporiel in some way, maely sceures a foothold by the cdge of
the pedal dise, and from this foothold the attachment spreads uantil the
whole surface is adhevent. The entire process may take many hours and is
accomplisheu by the combined cffects of muscular suction and cementing se-
cretions, Fsscutially this process is the same as the method employed by
Actinia equina and Anemonia suicaia. Covapared to these, howcver, the pedal
dise of Calliactis atiachcs much more stowly, but once the attachment is made
it s dnmer, and because the antached fooc is virtually immobile, it is more
pevmanent.

The attachment of an unattached Calliactis to a shell occupied by E.
ircrnbiardus is vouy ditievent indeed. Faurot (1910, 1932) deseribed this bricl'y
and the following expanded account, based on my own obscrvations, agrees
with Jus in the eswential points. First, the tentacles explore the surface of
the shell very actisely and many of them adhere 10 the shell, perhaps by
glutinant nematocysts, forming an attachment firm enough to hold the anem-
oue on the shell even when the crab moves about. This tentacular attach-
ment develops within a few minutes into a finner acachment in which the
vhole mal dhise is involved as well. Apparently, the radial musculature con-
uadts and pulls against the expanded margin and its adhering tentacles and
so prodices an iminense suctorial dise. At no other time does the animal
sem 3o mich to deserve its specific name “parasitica.” Once this is achieved,
the ancmone is vittually safe from bein dislodged, cven by the most active
movements of the crab.

AN this may take 5 to 10 minutes and is followed atl once by a siow
bending of the column which, in another few minutcs, brings the pedal disc
up ta the shell so that the animal is bene double. The pedal disc, meanwhile,
becomes greatly distended and beging to adhere to the sheli immediatcly
contact is established. Within another fcw minutcs the whole pedal dix has
sprcad out, its swollen suiface and edge becoming bedded down firmly
to fit the grooved, often encrusted, surface of the shell. Finally, when the
pedal disc is firmly ateached, the tentacles and oral disc let go, and in the
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' 1 apace of another 2 0 3 minuies, the colnmn shiaightens ont and the animal
1 assuies i poraal (‘\ll'"ll('(l lNI\IHH‘.

: L Ross was indeed fortimate, hecause as o aesuft of his extensive

' ] carlier experience withe coclemerates and with the form Galliactis e
! particalar, and becse he inmediaely observed thac Evpagiorns bhevne
i

havdus v Plymonth water apparénily does nothing o aid the transler
ol 1the anemone o the shell, he was enabled (o concentrate his entire
attention on the activides of the eoelenterate. Only thus was it possible
for him o discover what we agiee “is surely one ol the most vemarkable
Y behavior patterns o be Tound in the normally sessile .oclenterate
T : animals,” This work in Tagt has considerably broadened the spectram
: of behavioral activities that we know cin be performed by actinians,
4 tor it clearly involves at least relatively specific recognition, followed by
3 anintegrated and coordinated act which results in the anemone taking
Tposition on the shell. Ross has shown that it is the periostracum of the
1 host's shell which is the chemical “releaser” for the activity. He has
: cven been able 1o clicit the attachment of the tentacles, the separation
; ol the pedal disc, and the beginning of the climbing activity by maicly
bringing in contact with the tentacles a piece of periostracum which has
been removed from the shell, dried, and placed in a box for severad
months! These rescavches go far wa support the well-kknown investigations
of Professor Pantin whicli have, ol course, indicated that sea ancmonces
have a fairly wide spectrum of behavior, But it was not until this hehavior
of Calliactis and that of the anemone Stomphia coccinea Miller were
discovercd, in both of which a sequential series of integrated hehavioral
acts are performed in a relatively short time, that we had an opportunity
to grasp how important specific recognition may be in these animals, or
that they may indeed perform highly coordinated behavioral acts with
an adaptive end. The work of Yentsch and Pierce (1955), Sund (1938),
| Hoyle (1960), and Robson (1961a,b) has done much to clarify our under-
J standing of the [ascinating physiology and behavior of Stemplifa.
Although in this particular actinian a negative {escape) response (0 a
predator is involved rather than a positive response to a host, the observed
phenomena ave so close o those observed by Ross in Calliactis that they
are worth mentioning here. Stomphia coccinea has been demonstrated o
escape [rom certain other marine animals. The anemone responds to con-
" tact [rom these animals by lengthening itself, separating i's disc from the
! : substrate, and literally swimming away with an active whip-like activity.
5 i i In the Pacific Northwest, where much of the work on the animal has
; been done, it has been demonstrated to respond with greatest intensity
; g to a number of sarfishes, particularly Dermasterias imbracata (Grube)
' and Hippasterias spinosa Verrill, Dr. Robson (1961b), working at the -
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Danish Babovatory ine Helsingar, {ownd  that the Stamplia ol nonh
Eutogwan watens escaped in this nimner rome the poedacions nudi
ol Jeoliedio: paprdlesa (L) 10 is incevesting that the escape 1esponse
of the Paabie Stomplaa o cecin startishes occars ag all; there seens
W e aeasonable doubt that the starhishes concerned ocowr in the same
imediie cavivonment as Stomfpildia and even il they do there appicins
lindde tikelihood e they would e predacions on these anemones. One
may well wonder whether o lockand-key-type of chemical recognition
i mvelved here in which the lock sensois ol the anemone are opened by
a hey chemical which iy forwitomsly podaced by certain statfishes in
no way ichited to thit ongamisie hom which the ancemone i adaptively
oanizad o esaape. Although electrical stimulation will induce the
esane response it would certainly appen that in nature the escape
1esprnine iy only elicited by precise chemical vecognition. Robson has
shawn that the receipt of this chemical information triggers the activity
of a “pacemaker” or center in the basal region of the anemonc. Similarly,
Ross has demonstrated the importance of the basal region of Calliactis
in the infomation exchange which wiggers shell attachment activity,
{or the wentacles ol an animal from which the basal disc has been reinoved
[ail to attach o the host shell, while hall of an anemone which has been
nansceted along the orzlaboral axis will successfully carry out the cntive
attachment activity,

We have therelore seen how with these two coclenterites some viather
tundamental advances have been made in our understanding of the
behavioral physiology of the group; it is dear that both Calfiactis and
Stomplia ave adwirably suited to (urther investigations in sensory
physiology, infoimation tansler, and integiaed activity control. But in
stll sother way hoth organisms are showing themselves 1o be useful
in the imvesugation of basic phenomena in the biology of caclentevates,
fon with thent some highly nteresting infornsion has been obtained
concerning the activity ol those unique defensive and prey-capiuring
structures, the nematocysts. To understand how it became pomible to
otablish thie contolability of nematocysts by certain coclenterates, some
carher expetiments must be deseribed. From the beginning oi his interest
i symbioses, the writer had been fascinated with the symbiosis between
certain giang sea anemones (Staichartis sp) and a number of genera of
pomacentiid fishes, pavticularly the generi Amphiprion and Premnas
(Fig. %), Sipnificant ebservations on this symbiosis had been made by
Sluiter (1888), Verwey (1930), and Gohar (1948), who had given us some
knowledge of the ecology and behavioral characteristics of the animals
in the partnaiship. In 1947 Gudger reviewed all the observations that
had been made up to that time, and in 1950 Baerends first speculated

LAt pactiui s e 4 D% By g 8] . M oas e aeu ‘ot

e

Cu e et Rl

[ RSTECY RIS

il A

it



L

onien T

.

hors S [ 1 IR

3

VY

IRIINGD L D ST

RN TINGN

B
o
3
d
§
,!.
-

bt

118 Demorest Daven ort

about the possible vole of releascrs in the maintenance ol 1he assaciation,
Ta 1958 the author hid the opportonity 1o work with Dr, Kenneth S,
Norris on the partneiship between the giant anemone ind dwipliiprion
porento (Lacdépide). A single ginnt anemone was available lor experi-
mentation, Abowt a dazen Amphiprion percula were ased in the experi-
ments which had been kept separvited fiom their host for several months.
With these anfmals it was possible to demonstrate that there s a
vapidly acting, specific, heatlabile fauctor present in the mucus an the
suriace of the fish which markedly raises the threshold of discharge of
the host's nematocysts, Fishies which do not possess this factor (i.c., other
species) are immedicaly stung and caten. Amphiprion are immediately
stung and consu nerd by anemones such as Anthopleura against the
nematocysts of wi. . the mucus of Amphiprion is incil~ctive. The
-experiments to establish thesc [acts werc at the time, of course, fascinating
1o perlorm, but the results were perhaps to be expected. They cast very
litle light on a problem which is of the greatest interest to the stndent
of invertcbrate behavier, namely, "What can a coclenterate do?” Yet
observations on the behavior of the fish may very possibly have given
the first insight into possibilities in the coclenterates up to now not
forcseen. It has long ago been shown that a coclenterate will respond in
specific ways to certain stimuli coming from the external eavironment,
but it has never been clearly demonstrated that a coclenterate can store
information and modily its behavior in accordance with certain informa-
tion previously received. The writer and Dr. Norris repeatedly observed
a very particular type of behavior on the part of Amphiprion pereula
during what we called the “process of acclimation.” Very litle indeed is
known about how frequently this process occurs in nature, how much of
the adult life of these inquiline fishes is spent in a free state or how much

they move from host to host. But when the individual “unacclimated”

Amphiprion percula was introduced into the observation tank with the
anemone, a fairly stereotyped series of events occurred which terminated
in acdimation. To quote from Davenport and Nouris (1958):

An unacclimated fish introduced inwo the tank a foot or so away from the
anemonc usnally approached the ancmonce within a few minuies aud hegan
1o swim utder the disk atound the column, and nccasionally over the top
of the disk a centimeter or more away froin the tentacles. Such fish spent
mast of their time uuder the disk at this stage and somctimes were seen
niblting at the column of the ancmone. Most fish secined 1o “reengnize”
thc ancmone within a few minutes and swam toward it. . . . As the process
procceded, passage over the disk bocame more and more frequent and the
“acclimating” fish moved closer and closer to the tentacles. Swimming was
accomplished by a distinctive serics of slow vertical undulations, in which
the tail was usually held a little lower than the rest of the body. Eventually, -
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v e of these tops ey the disk, the ish wonbd wneh a rentade or twa,
vty wrhe the Connad cdge oF s anal e o the Towes asargine of s aelal
e Comtnnndy sl vosadted e womesterae adhevence of dhe wenide o e
Wand conttaction of the tentacde, "B bl then jerked itselld free withe a
violeut Hexue of s Dby il vsnally taced ol e dish, Not all newly in-
todaced Apdigpoen sl danging wpon their et contact with tentadles,
B wan the general vubes However, toe adherence Gasled 1o deies the b,
whinh newh abways sctimad ammcdunely o the avemone, cither umder
Hie abish o over the wentwdes L

Aler thi tsial congint the nh typically vame doses amt dosa Lo the
tentacdos, toudhiing then with incicasiog ogularity. ‘Fhe reaction w  the
g of tentacles became lew anid less violent until & sudden fiexne of
the wnmal’s body was the only acacuon given by the hsh. Mouih.ng or
wippuyg of tentadivs wan often observaed in this and later stages.

"7 CIhe dinging and contiaction of tentades upon contact with the fish
ginlually becme Jes untid it ccased altogether, At the same time the fish
began o swam dovper amaong the tentacles, using the same slow undalating
morentcnits as when it had ctuiced above the disk,

Once the hsh was swimming in fauly constant contact with the teatacles
of the ancmone, a very atriking chaunge in its behavior occurred. Tae general
specd of swimming suddenly inercased until the Amphiprion was dashing
back and foith over the disk of the ancmone, flailing unreactive tentacles
asite with violent mosements of its body. Often the fish raced beneah the
anemoue and appeaied in one of the folds of the disk margin, its head com-
Plutely ninged in tentades. The fish (iequently maintained this vantage point
for 3 few scconds, holding »re<ition with rapid alternate fanhing mover.icnts
ol its pectosal fns, afier wi £ might dash onto the disk again for anc hier
foray among the tentacles. <he powerful swimming typical of this s ac
of the acchumatnion process was accomplished by rapid ard strong lateral boxiy
llesures. The impression given by ihe swimming behavior of the fish after
nal accliomation was that the fish was “bathing™ its entire surface among
the icntatles.

This final activity was so marked, so sudden, and so dramatic that
upon abserving it one was obliged to vecall the rejoinder of Chuang-tzu
to Huttzu queoted above, for once an dmphiprion reached this level
m its behavior, it exhibited every indication of “joyful™ activity in its
mind dashe hn and out of the tentacles of its host. The point to be made
is that the activity ol the free-living fish, which lives perlectly successfully
oy wonths in tropical aquaria and is kept thus by numerous tropical fish
ostablishiments, is entirely dillerent than its behavior when it is in the
anemone. The belavior in the anemone is specialized. What function
daes it perform? There are two possibilities. The first is that the activity
Jdoes something to maintain the protection which the mucus gives to the
fish. It may well be that continued active contact with the tentacles
induces mucus production, which in turn strengthens the protection of
the fish against the nematocysts. Buc it is obvious that there is at least
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snesduectimid aloration exchanee hetween Use Twe anivaly, don withy-
aut sguestion e bsheoveccives sinali o the anenmomne which chiein this
specrlived soncor swinnming bebavior, Vet some of the fnhies sl i these
expeiinents appened 1o peed no Lsting contact with the anetione 10
BeU bl protection against neniies S disclinges they entered ihe
anemone inmedianely without aeceiving any advense stimoli. We e
beginning to believe that a second prossibility is that this acivicy of 1he
s may e divected @ cnsing the anemone 1 recopiize™ i aand 1o
witlthald nemitogyse dischinge, To spite of the face that it is generally
sprposed it nemtocysts e ot ander nervors amaol bat eha they
e oll independenty upon adequane stimalation, several investigatons
have specudated that in such Pattnenhips the presence of thc fish in some
way cGauses the coclenterate host o put its nemadncysts ot of action”
(Baciends, 1957). “This possibility scems all the more likely now that it
has been discovered that in certain ancmones the receipt ol spedihic
chemical signals aca point on the animal remaote from the tentacdes Catives
nforuation tanster 1o the tentacles which inhibin nemiatoeyst discharge,

In 1960, the writer was working at the Laboratoite Arago at Banyuls
At a time when Ross and Sutton (1961a,h) were investigating the above-
described Tascinating behavior of Calfractis parasitica in its recognition of
the shell of i host hermit crab. Ross had nated that when a Galliac tis had
settled on a glass disc its tentacles were sticky to the touch, hut when it
wis alieidy on the hose's Ll there was no such stickiness, Expariments
which fellowad (Davenpor. et al, 1961) ndicated conclusively that the
nentocysis of Galitaceis =t ease can by no means be considered inde-
pendent ctectors, Ross (for. ¢ir) had shown that one of the most ime
portant stepn in the behavicral sequence involved in the series of events

occurring when Calliactis climbs on its host's shell is the exploration of,

the surface of the shell by the tentacles of the anemone and the adherence
1o the shell of many o the tentacles. Ross had guessed that this aderence
was “perhaps by giutinant nematocysts.” It was shown in a simpic series
of experiments in which single tentacles of anemones were touched and
scored for adherence or absence of adherence that when Calliactis is not
in it on its host's shell, the great majority of the tentacles respond to
contact with shell by innmediate adherence, whereas the tentacles of a
Calliactis which is in site on (he host's shel give little or no adherence
to shell. The adaptive significince of this phenomenon is of course
obvious; were the nematocysts of the tentacles sensitive (o shell when the
animal is in situ, one would have multi-individual chaine of symbioses
sticking together en masse whenever groups of hermit crabs with
Calliactis on their shells got together. But the true importance of the
phenomenon lics in the fact that it is the reception of specific information
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by oreceptons g the podal dise ol he anemone that resulis in the inhibi-
von ot speciad shetbsensinive nematacysis i the tentacles, "These nesusto-
oy have ot been adentified, Pl they are not the same as dhose
released by ey s obvions, tor iF iose pematocysts sensitive (o ney”
were anhubited by this intoomation while the animal cwas v siin, the
svinbiosis conld wot exise, For this particulin phenomenon in coclenterae
biodogy 1o be discovered it was nizcessary 1o wse forms in which imform-
tion bunfer win ackitively swili; as iy so often true in coclenterate
plasiology, the Hme parameter was all important. As yet, it has not been
possible w0 detemine the time necessary in Gallinctis for the transfer
ol that idermation from pedal dise to tentacles which results in the
ithibition ot shellsensitive nematocysts. But move recently, Ross and Sut-
ton (196 1) have shown that in some fonns the time for such information
ceansler may he exoremely shore; working with Stom phia they have demons-
strated that those nematocysts of Stom phia which are sensitive to the star-
fish that clicits the swimming vesponse are vapidly inhibited by the onset
ot swinming activity. This information transfer operates in terms of
secands, “There seems every reason to believe that in this case as well as
in Calliactis the inhibition is the result of nervous activity, for inhibition
by hotmenal activity would be oo slow,

We have seen thir the precise recognition of specific chemical
agents may be very much a part of the normal behavioral biology of
coclenterites, Not only that, but we have also observed that this recogni-
tion nuay result in some highly unique adaptive behavior. Is it not theve-
fore possible that in the widely known partnerships between giant
sucmones and their inquiline hishes, the activity of the fish may in some
way be divected to elfecting recognition of the fish by the anemone? It is
clear that theve are many phenomena wnder the sun in symbioses involy-
ing coclenterites and their parimers which at this time are extremely diffi-
cult to explain. Fhe writer spent a solid month at the Gauy Taboratory of
St Andiews University in attempting to find out how the symbiotic crab
Hyas aranens (L) attains its protection from the large sea anemone
Fealin fetina (1), 1 a large Tealin is expanded in an aquarvivm with but
« contimeter of waitr covering the tentacles, one may drop a Hyas
divecth onto the dise of the anemone without cliciting any response
whitzoever from it If one drops a specimen of the common shore crab
Carcrnus maenas (1) onto-the Tealia, it is engulled in a flash. An attempt
was nande to discern the method whereby the behavior of the anemone is
controlled under these circumstances. As in the case ol the snemone-fish
pavtnership the anemone exhibits no overt, easily recognizable response
to its partner as does, for instance, Calliactis to the shell of its partner
pagurid. The only clearly discernible phenomenon resulting from the

——. e — L amr =

-

Ye




N N e

PSRN S TSV

422 Dembrest: Davien port

introduction of the aab s the farhere of the anemone to respond as it
would 1o ot cnbs, I the aase ol the anemonclish partnership onc
suspects that the inhibition of nematocyst dischioge by the muca. of-the
tish way effecuvely prexent imuscuabar respomse by the ancmonc; perhaps
nenataeyst dischange triggets the feeding respamse of the amemone,
But a Hyas dvopped on o Tealin causes great nenitocyst dischange. “I'h
IHyas genevaliy sticks vather firmly 1o the tentades and can only move
about with dilficelty, walking ke @ man in hot tar, yev ovdinarily there
is no closure response from the anemone and no infolding of the disce.
Lverything possible was tried, such as dipping a “masked” Hyas into
Carcinas body fluids {(which when absorbed on a sponge normadly
cause immediate closure). When such an animal was dropped, nothing

“happened. The ancmone simply “recognized” its partner and no sign

of a closure response occurred. It is obvious that we must learn a great
deal more about the abilities of coclenterates before we can clearly
understand the machinery controlling symbioscs involving them.

Vill. The Role of “Learning’

We must now tun owr auention w the problem of the role of
learning and associated phenomena in symbioses. Twenty-wo centuies
ago the Taoist said: “Creatures with nine channels of co.nmunication
are born from the womb. Creatures with cight arve born from the egg.”
The proportionality of complexity with ability to exchange (and, indeed,
store) information has been understood for a very long time. Obviously,
the extent to which these phenomena arve important in symbioses ie
directly proportional to the physiological abilities of the major taxonom.c
groups to which partners b-long. Tt cinerges that the information-storage
abilities of lower phyla have in recent years been demorstrated to be
considerably greates Jhan had previously been suspecied. As early as 1916,
Bruncili, as Thor 4 (1963) says, “was forced to assume an claborate
instinctive organization together with an ability for truc associative
memory” in acunians which clindb onto their hos: Crustacea. Such as-
sumptions for the information-storage capacity of as simply organized
creatures as actinians have to a grear extent heen rejected by zoolopists
since the turn of the century. Howcever, as we have seen, Thorpe is quite
correct in saying "the matter should well repay critical study and experi-
ment in the light of more recent knowledge.”

The various types of information storage have been categorized in
a -amler of ways, ie., “habituation,” “associative learning,” “latent
o"woeee

learning,” "insight learning,” etc. We may assume that of this spectrum
of learning categories the fewest categories are exhibited in the simplest
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anintby Yet, as is miade abindianily cleas by "Thorpe, the assomption that
the higher categories ol eavning cannot be found among inverichvate
phyLewuse be abandoned, He says: “The neglect of the study of inverte-
brate bebavior has given the impression that insight-learning” (which
he defines as the sudden production of a new adaptive vesponse not ar-
vived at by wial beluvior) “is a characteristic human faculty hawdly o
be expected in aosubprinre mammal qud, of course, out of the question
in anarthvopod. We now see what an astonishing misconception this is.”
Taking our association Man-Dog as a stinndard, we see that both partners
in the assoctation exhibit a wide spectrum ol learning abilities, “Fhis
symbiosis is almost as complicated from the behavioral point of view
as any which exists, for just this reason. What is the situation in the
simpler symbioses we have so far considered? At present, we mre in the
midst of a “renaissance” ol investigation, largely neglected since Jenning's
day, of wie role of learning and associated phenomena in invertebrates
(Thorpe and Davenport, 1965); however the precise role of learning in
symbiotic partners has so [ar only been obliquely approached. A number
of highly interesting experiments have been conducted which in varying
ways bring lighi to bear upon the manner in which information storage
may be of importance to the maintenance of symbioses. Habituation may
be defined “as the relatively permanent waning of a response as a result of
a repeated scimulation which is not followed by any kind of reenforce-
ment. It is specific to the stimulus and relatively enduring and so it is
natural to regard it, provisionally at any rate as distinct from fatigue and
sensory adaptation” (Thorpe, loc. cit.). There are no controlled experi-
nients which demonstrate the fact, but there is every reason to assume that
this type of information storage may he of importance, particularly in
those phyla in which certain associated animals maintain their protection
against the predacious activities of hosts. We have already hypothesized
that the particular swimming activity of the commensal fishes living in
siant sea anemones may be directed to the habituation of the hosts to
specilic stimuli coming from the fish. Blosch (1961) takes some issue with
Davenport and Norris (1958) about the role of the protective mucus coat
ol Amphiprion in protecting it against the feeding activities of its ho...
In his paper he gives no experimental data and describes no controls;
in particular, he does not mention his method of handling fishes, which
is very critical in such experiments, However, he comes to the highly in-
wiguing conclusion that giant ancmonces which have been isolated [rom
their commensal species always sting these fishes on first contact even if
the fishes have been taken directly from other host individuals. If this
phenomenon can be firmly established, it would seem reasonable to
assume that associative learning may also be of importance in coelenter-
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ates. 1000 is tue that a fish iken Fom an anemone and acintoducesd
o it is not stung, while a fish tiken from another anemone of the same
species is stung by the fist bost, one might asstme that the ancimone
recognizes its own fish as o result of the association ol certain stimuli
received from v as anindividual, Tn this case some particabin veintorcing
siimudi may e involved,

We should therelore be able to lind out i good deal more about the
information-storage capacitios ol coclenterates by wsing symbiotic or pey-
predator reiationships involving these animals. Complex integrated he
havior occurs when a center or pacemaker is stimulated by specibic stimuli
coming from host (or predator) contact in Calliactis and Stom phia. It
should be possible to combine the specific stimulus cliciting this activity
with another stimulus and perhaps ultimately rveplace the first with the
sccond. No one has tried this yet. Someone should, for such an experiment
might establish once and for all the existence of associative learning in
Coclenterata.

Associative learning has been demonstrated beyond a reasonable
doubt in flatworms and annclids. The researches of McConnell and his
colleagues (1959, 1960) in which it has been shown not only that con-

- ditioning. takes place throughout the soma of a flatworm rather than

just in the anterior ganglia, and also that such conditioning may be trans-
mitted when a trained flatworm is ingested by an untrained flatworm,
have changed much of our thinking about the significance of learning
in the lower invertebrate phyla. Jacobson (1968) has recently published
an able review of the role of learning in flatworms and annelids. To date
there has been no experimental work divected to the role of learning in
the conwrol of symbioses involving these animals, but one can hardly
doubt in view of the above experiments that in symbiotic species some
coding must exist whicl helps to “cement” partnerships. The importance
ol separating the roles of genetically determined coding and coding
resulting from experience (“olfactory conditioning,” imprinting, higher
learning catzgories) can be observed when we consider the life histories
of certain associated animals which are “active seekers.” Environmental
coding may be superimposed upon a genetic coding which involves, at
least in those animals that have Iree-living larvae, a precise response to
the host which wiggers metamorphosis. The writer is aware of no publi-
cations to date in which the signal from a host cliciting the metamorpho-
sis of a settling associate has been identified. The genetically determined
physiological abilities controlling settlement and metamorphosis in as-
sociated invertebrates could be investigated in almost any readily avail-
able parmership. Those factors which tend to bring the larvae to the
vicinity of the host would have to be investigated; as Laing (1987) said in
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her teresting studies of the behavior of the chaleid fty Adlysia: ... some
parasites fied envivomments bt and hosts Biter. .. "Fhey may olten use
quite dilleient senses for the perceprion of the two and make quite
diflerems movements o acadr them, Whint these senses and novements
ae however, will diller geeatly with dilfferent pavisites, and nast be
especlly determined ineach particalar case.”

Nexto the Lactons eliciting specifie setdement and mecmorphosis must
be clucidated. Withour qoestion, the machinery will vange from fairly
simple phenomena exhibited by Eavae which as o vesule of certain coded
respomes o light, gravity, ete., e brought by winds or currents to the
vicinity of their hosts where i predise vecognition ocens which effcets set-
tHement, o complicated behavior such as that which must be present in
such Torms as the parasitie copepod Adthelges (Thorson, personal com-
mantication). In this species which parasitizes pagurids in north Evwropean
seas, mdes e never found alone on the host. About 5%, of the hermi
crabn ol the genus dnapagurus have parisitic female Athelges avtached o
their abdomen; without exception these lemale Athelges have small males
dlinging 10 them, Several questions immediately arise upon the contempla-
tion ol this situation. Ave the Lwvae which are auracted to the hermit
aabs sexually undetermined? 11 his is the case we must assume that ail
Livvae are attracted to the host and that divect parasitic connection with
an unpaasitized host divects the development of the parasite to fenle
ness A Larvassubsequently atoracted o the hose must vapidly fall under the
influence of the alveady attached female of its own species and its develop-
ment thus directed 1o maleness. At best, if the larvae are already geneti-
cally determined, male Iarvae must be [ar more strongly attracted o the
{emales (o situ on hosts than to parasiteless hosts; indeed, it would scem
thae i there e male larvae, they may not be attracted to parasiteless
hosts ot ull.

Uhe writer is aware ol no experiments that have demonstrated that
behavioval dilterences olnervable between free-living and associated popu-
Lutons ol single species are genetically determined. Unlortunately, he was
areble o complete experiments designed to compare the dilference in
hehaviov of Tarvae resulting from an Fy. cross between a free-living and
an associated Podarke pugettensis, the polychacte worm which may be
assoctated with the stwlish Pativia minfata, Experiments of this sort must
he cnried out successludly il we are 1o understand the role of genetic
determination of settlement in associated forms and separate from them
phenomena which are dependent upon associative learning.

I seeny reasonable to assume as a vesult of certain highly interesting
experiments that one type of information storage occurring during ce-
velopment (ollactory conditioning) may be of special importance in the
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maintenance of symbiotic. pavtnenships. While considering these experi-
ments it should be kept in mind that although they involved chemical
factors, there is no reason whatever 1o assume that the effeas of other
envivonmental stimuli might not be similarly coded daving development,
I 1937 “Thorpe and Jones fomnd that il one artificially introduced the
cpas of the pavasitic wisp Neseritis, novally a parvasitc of the moth
Ephestia, into (he abonormal hose wax mots Meliphora (to vihich Neweri-
tis nomualdly gives no response) the resulting adults would demonstriate a
strong response inan olfactometer to the abnonaal host when they were
faced with a choice between Meliphora and a blank. “These workers were
never able o demonstrate in such conditioned adult wasps an egg-layving
preference for the abnormal host over Ephestia. Move imporvtant, perhaps,
Thorpe (1934 Later demonsuated that one could clicit a strong response
from adult Drosephile 10 a pumber of chemical agents which had been
introduced into the environment in which they had been raised. The
crucial point here is that the animal undergoes development continuously
under the influence of certain stimuli, and that this information is in
some way stored so that the behavier of the adult may he affected by
these same stimuli, There is no great distinction between this phenomenon
and that known as imprinting (Ramsay and Hess, 1954), although, by
definition, for imprinting to occur the developing organism must be
subject to the specifically acting stimuli during a critical tine period in s
development. Finally, the experiments of McConnell have demonstrated
that in animals ol the most simple acoelomate, wiplob!istic structure in-
formation may be coded during life throughout the somi. These and such
researches as the clegant experiments of Horridge (1962), in which a
single isolated thoracic segment of an insect has been tiained to hold its
leg up out of a pool of mercury, have made it clear that we must direct

much more of our attention to the problem of the role of learning in the’

maintenance ol symbioses, particularly in symbioses invoiving members of
those phyla the learning abilities of which have previously been un-
suspected.

It would scem fitting to end this volume with a trib e, From the
beginning o the end of his classic “Le Parasitirme et 'a Symbiose,”
Maurice Caullery stressed the importance of the experimen al approach.
All who have worked with animal associations owe a debt o the great
French zoologist. We can hardly do better than to quote his own wards
of conclusion, as timely today as when they were written: :

“Les associations réalisées sous les diverses formes du commensalisine, du
parasitisme ct de la symbiose cntrainent, chez les organismes paricipants,
des activités fonctionnelles ct des réalisations spéeiales, que 'on nc constate .
pas chcz lcs forines libres, Dc 1A de multiples problémes d'ordse non scule-
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ment o phishnggue, Biis aissi et pescene satout physiologique, problimes
eNBEmement compleses, e nens conmenqony seulement & entrevoir et
abesader, of dont PIerdt ne saibait ctee surestime, Sous des snpeas que we
Danslotimeion plus o moins, Fobjet qui Gname T base e cet ouviage restera

tougiemps & Pondie da jour de L Biologie”
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